JNK proteins have been shown to be involved in liver carcinogenesis in mice, but the extent of their involvement in the development of human liver cancers is unknown. Here, we show that activation of JNK1 but not JNK2 was increased in human primary hepatocellular carcinomas (HCCs). Further, JNK1 was required for human HCC cell proliferation in vitro and tumorigenesis after xenotransplantation. Importantly, mice lacking JNK1 displayed decreased tumor cell proliferation in a mouse model of liver carcinogenesis and decreased hepatocyte proliferation in a mouse model of liver regeneration. In both cases, impaired proliferation was caused by increased expression of p21, a cell-cycle inhibitor, and reduced expression of c-Myc, a negative regulator of p21. Genetic inactivation of p21 in JNK1 -/-mice restored hepatocyte proliferation in models of both liver carcinogenesis and liver regeneration, and overexpression of c-Myc increased proliferation of JNK1 -/-liver cells. Similarly, JNK1 was found to control the proliferation of human HCC cells by affecting p21 and c-Myc expression. Pharmacologic inhibition of JNK reduced the growth of both xenografted human HCC cells and chemically induced mouse liver cancers. These findings provide a mechanistic link between JNK activity and liver cell proliferation via p21 and cMyc and suggest JNK targeting can be considered as a new therapeutic approach for HCC treatment.
Introduction
Hepatocellular carcinoma (HCC), the most common type of human liver cancer, is the third leading cause of cancer death worldwide (1) . HCC usually develops in association with HBV and HCV infection and other liver diseases, such as liver steatosis and fibrosis (1) . Several molecular pathways have been shown to be involved in human HCC development, for example, AP-1 activity and the NF-κB pathway (2) (3) (4) (5) . AP-1 and NF-κB are stress-responsive transcription factor complexes that are regulated by upstream MAPKs. Of the 3 types of MAPKs, the functions of 2, ERKs and p38s, in human HCCs have been characterized in recent studies (1, 3, 6) , while the functions of JNK are less defined.
Among the 3 mammalian JNK genes, JNK1 and JNK2 are ubiquitously expressed, while JNK3 expression is restricted to the brain, heart, and testis. Various cytokines and environmental factors induce JNK activity, which in turn phosphorylates its substrates, such as c-Jun and ATF2. It has been well demonstrated that JNK1 and JNK2 regulate stress-induced apoptosis in different cell types and contexts (7, 8) . Recent data also show that increased JNK activities enhance proliferation of mouse embryonic fibroblasts (MEFs) (3, 9) . However, the dominant JNK kinase that regulates MEF proliferation appears to be dependent on the experimental system employed (10, 11) . The function of JNK in proliferation in vivo is even more complicated. Using a two-thirds partial hepatectomyinduced liver regeneration model, it was found that increased JNK activation enhances hepatocyte proliferation in mice with hepatic deletion of IκB kinase β (Ikkβ) (4) . Intriguingly, upregulated JNK activities appear to attenuate proliferation in Gadd45β -/-livers (12) . On the other hand, treatment with JNK inhibitor SP600125 reduced hepatocyte proliferation in regeneration (13) . However, due to the nonspecific inhibition of this chemical (14) , the functions of JNK in hepatocyte proliferation need to be further characterized.
Mouse cancer models have shown that JNKs play a role in multiple tumors. JNK1 appears to play a tumor-suppressive function in 7,12-dimethylbenz(a)anthracene/12-O-tetradecanoylphorbol-13-acetate-induced (DMBA/TPA-induced) skin carcinogenesis (15) . It has also been shown that JNK1 suppresses spontaneous colon cancer development in aged mice (16) . However, a recent study reported that JNK1 is dispensable for colitis-associated colon cancer development (17) , whereas another study revealed that JNK1 has an oncogenic function in N-methyl-N-nitrosourea-induced mouse gastric tumor development (18) . These results suggest a contextand tissue-specific function of JNK1 in tumorigenesis. Given the structural homology between JNK1 and JNK2, it is assumed that both JNK kinases may play similar roles in cancer development. Interestingly, it was found that JNK2 promotes papilloma formation instead of repressing tumorigenesis in a DMBA/TPA-induced skin cancer model (19) . Therefore, JNK1 and JNK2 might activate distinct pathways in cancer development, although the underlying molecular mechanisms remain largely undefined.
The JNK pathway has also been implicated in regulating liver tumorigenesis. c-Jun, a downstream target of JNKs, promotes chemically induced liver cancer development through suppression of the p53 pathway (2) . In addition, enhanced liver cancer development has been shown to be a consequence of increased activity of the JNK/c-Jun pathway in mice lacking p38α in hepatocytes (3, 6) . Recently, it was shown that NF-κB attenuates liver carcinogenesis through repressing JNK1 activation and that JNK1 -/-mice exhibit reduced liver cancers (5) . Decreased tumorigenesis in JNK1 -/-mice is correlated with attenuated cytokine production, reduced cyclin D1 and VEGF expression, decreased cell death, and compensatory proliferation (5). However, it remains to be determined by which molecular mechanism JNK1 and/or JNK2 regulate liver carcinogenesis. Furthermore, despite accumulating evidence obtained from mouse models, whether JNK1 or JNK2 is involved in human liver cancers is not yet known.
In this study, we found that in human HCC, the activation of JNK is increased. Importantly, JNK1 but not JNK2 increases the proliferation of human and mouse liver tumor cells through effects on p21 and c-Myc expression. Loss of p21 or overexpression of c-Myc rescued impaired proliferation of JNK1 -/-liver cells. The potential application of JNK inhibition using a peptide inhibitor of JNK, D-JNKI1, for liver cancer therapy was also investigated.
Results
Increased JNK1 activity in human HCCs. Activation of JNK in human primary HCCs was analyzed by immunohistochemical staining using an antibody detecting both phosphorylated JNK1 and JNK2 (p-JNK) on a tissue microarray. Nuclear staining of p-JNK was detectable in 45 out of 53 HCC tissues. Among these 45 HCC samples, matched nonneoplastic liver tissues from the same patient were available for 41 HCC samples. The p-JNK levels were semiquantified and compared in matched cancerous and nonneoplastic tissues. In 23 (56%) out of 41 matched pairs, p-JNK staining was significantly stronger in HCCs than in nonneoplastic liver tissues (P < 0.05, Wilcoxon-Mann-Whitney test; Figure 1A and Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/JCI37156DS1). To characterize the activity of JNK1, we performed an immunoprecipitation-complex-based kinase assay specific for JNK1 (Supplemental Figure 1A) . JNK1-specific kinase assays showed that JNK1 activities were significantly increased in 4 out of 7 HCC samples (P < 0.05, paired Student's t test; Figure 1B ). On the other hand, a p-JNK2-specific ELISA assay showed that p-JNK2 levels remained unchanged in human HCC tissues ( Figure 1C and Supplemental Figure 1B ). These data suggest that p-JNK levels, most likely due to JNK1, are increased in more than half of human HCCs. Kinase activities of JNK1 were determined in paired samples of human nonneoplastic livers and HCCs by immunocomplex kinase assay using GST-c-Jun as substrate. Total JNK and β-actin levels were assayed by Western blot. L, liver; T, tumor. Numbers between blots denote JNK kinase activity (K.A.), quantified by normalizing to β-actin levels. Average of JNK1 activities of all samples is shown in the right panel. *P < 0.05, Student's paired t test. (C) p-JNK2 levels in human HCC samples were analyzed by ELISA assay using total cell extraction. Average of p-JNK2 levels is shown in the right panel. (D) Huh7 cells were infected with lentiviruses expressing shRNAs against JNK1, JNK2, and JNK1/2 as well as scramble control shRNA. Proliferation of cultured cells was analyzed using cells at passage 2 after virus infection. One representative experiment of 3 is shown. KD, knockdown. (E) Tumor formation of JNK1, JNK2, JNK1/2 knockdown, and scramble control Huh7 cells were analyzed after these cells were subcutaneously implanted in nude mice. Data are expressed as mean ± SD.
The specific functions of JNK1 and JNK2 in human HCC cells were further analyzed in a human HCC cell line, Huh7. These cells were infected with lentiviruses expressing shRNAs against JNK1, JNK2, or JNK1/2. Lentiviruses expressing scramble shRNA were used as controls. Efficient JNK1 or JNK2 knockdown was confirmed by Western blots (Supplemental Figure 1C) . JNK1 or JNK2 knockdown did not affect the apoptotic rates of these cells as measured by TUNEL staining (data not shown). Interestingly, both JNK1 and JNK1/2 knockdown significantly attenuated the proliferation of cultured Huh7 cells, whereas JNK2 knockdown had no effect on proliferation ( Figure 1D ). Importantly, when subcutaneously implanted in nude mice, Huh7 cells with JNK1 or JNK1/2 knockdown developed smaller tumors compared with those of JNK2 knockdown or scramble controls ( Figure 1E ). These results indicate that JNK1 promotes proliferation and tumorigenesis of human Huh7 HCC cells.
JNK1 but not JNK2 is required for proliferation in mouse liver cancers. Due to the shortage of human HCC samples and the limitation of in vitro HCC cell cultures, we next investigated the specific roles of JNK1 and JNK2 in proliferation of liver cancer cells using a diethylnitrosamine-phenobarbital-induced (DEN-Pb-induced) mouse liver cancer model (2) . Fully developed liver cancers were induced in JNK1 +/-mice 7 months after DEN treatment. JNK1 -/-mice exhibited impaired liver tumorigenesis with reduced tumor masses, tumor sizes, and tumor numbers (Figure 2A ). JNK1 -/-mice also showed a longer life span (15.8 ± 4.1 months) compared with controls (11.4 ± 3.4 months) following tumor induction ( Figure  2E ). Ki67 staining revealed that the number of proliferating cells in JNK1 -/-liver cancers was reduced to half of that in control mice ( Figure 2B ). In contrast, JNK2 -/-mice showed DEN-induced liver carcinogenesis similar to that of controls 9 months after DEN treatment, with comparable proliferation rates ( Figure 2 , C and D). Intriguingly, the apoptotic rates in JNK1 -/-and JNK2 -/-liver cancers were similar to those of controls as determined by TUNEL staining (Supplemental Figure 2, A and B) . Vessel densities in both JNK1 -/-and JNK2 -/-cancers were also unaffected, as assessed using von Willebrand factor immunohistochemical staining (Supplemental Figure 2C) . Moreover, slot-blot analyses using O 6 -ethyldeoxyguanosine-specific (O 6 -Et-dG-specific) and O 2 -ethyldeoxythymidine-specific (O 2 -Et-dT-specific) antibodies showed that these DEN-induced DNA adducts were not altered in JNK1 -/-livers, suggesting that JNK1 does not affect genotoxic damage induced by DEN at the initiation stages (Supplemental Figure 2D ). Together, these data indicate that JNK1 is required for liver cancer development, most likely because of its promotion of proliferation of liver cancer cells.
Reduced liver cell proliferation and tumorigenesis in JNK1 -/-mice are caused by increased p21 expression. Excessive production of growth factors and proinflammatory cytokines induce enhanced proliferation during liver carcinogenesis (20, 21) . However, quantitative RT-PCR (qRT-PCR) revealed no alteration in HGF, EGF, IGF-1, TGF-α, and TGF-β expression between JNK1 -/-and control liver cancers (Supplemental Figure 3A) . TNF-α, IL-1α, IL-1β, IL-6, and IL-12 cytokine levels were also comparable as measured by ELISA (Supplemental Figure 3B ). Moreover, the infiltration of inflammatory cells appeared to be unchanged in JNK1 -/-liver cancers, as estimated by immunohistochemical staining of markers for neutrophilic granulocytes, macrophages, and T lymphocytes (data not shown).
We next characterized the activities of downstream effectors of the JNK pathway. The crosstalk between JNK and the ERK and AKT pathways was found to be important in regulating proliferation of melanoma and prostate cancer cells (22, 23) . However, Western blot analyses showed that the activation of the ERK and AKT pathways was unchanged in JNK1 -/-liver cancers (Supplemental Figure 3C ). c-Jun was previously shown to mediate hepatocyte proliferation during liver regeneration and carcinogenesis (3, 24) . Interestingly, p-c-Jun levels were unchanged in JNK1 -/-liver cancers ( Figure 3A ). These results are consistent with our previous findings that c-Jun phosphorylation is not required for liver carcinogenesis and regeneration (2, 24) . JNK has also been shown to affect c-Jun stability in cultured mouse fibroblasts (10) . However, c-Jun protein levels were not changed in either JNK1 -/-or JNK2 -/-liver tumors ( Figure 3 , A and B), suggesting that JNK1 likely regulates liver cancer development independently of c-Jun.
p21, a well-established cyclin-dependent kinase (CDK) inhibitor, has been implicated in regulating TGF-β-induced proliferation of cultured hepatocytes by interacting with the JNK pathway (25) . p21 overexpression has been also shown to reduce hepatocyte proliferation during postnatal development and liver regeneration (26) . Moreover, impaired hepatocyte proliferation in mice lacking c-Jun is completely restored in c-Jun and p21 double-knockout mice after partial hepatectomy (27) . Indeed, p21 was found to be upregulated at the protein and mRNA levels in JNK1 -/-cancers ( Figure 3 , A and C). The expression levels of p16 and p27 CDK inhibitors were not changed as measured by qRT-PCR, whereas p19 levels were upregulated in liver cancers independently of JNK1 ( Figure 3C ). In contrast, p21 levels remained unchanged in JNK2 -/-liver cancers ( Figure 3B ). These results suggest that elevated p21 levels may be responsible for decreased proliferation of JNK1 -/-cancer cells.
To determine whether increased p21 expression is responsible for decreased proliferation of JNK1 -/-liver cancer cells, we gener- ated JNK1 -/-p21 -/-double-mutant mice and subjected them to DEN-induced liver carcinogenesis. JNK1 -/-p21 -/-mice were viable and exhibited no obvious liver dysfunction, as evaluated by histomorphology and serum levels of glutamate pyruvate transaminase (GPT) and glutamate oxaloacetate transaminase (GOT) (data not shown). Upon induction of liver cancers by DEN, JNK1 -/-p21 -/-mice showed levels of tumor masses, sizes, and numbers similar to those of JNK1 +/-p21 +/-controls, whereas liver cancer development was reduced in JNK1 -/-p21 +/-mice and unchanged in JNK1 +/-p21 -/-mice ( Figure 3D ). Importantly, proliferation rates of liver cancer cells were completely restored in JNK1 -/-p21 -/-mice ( Figure 3E ). These data demonstrate that increased p21 levels are responsible for reduced proliferation of JNK1 -/-cancer cells, which further leads to impaired liver carcinogenesis.
c-Myc expression is reduced in JNK1 -/-liver cancer cells. p21 transcription can be activated by p53 (28) and repressed by c-Myc in various cell types (29) (30) (31) . Expression levels of p53 and its downstream targets appeared to be unchanged in JNK1 -/-liver cancers ( Figure  4 , A and B). ChIP confirmed that p53 binding to the p21 promoter was unaffected in JNK1 -/-liver cancers ( Figure 4C ). However, c-Myc protein and mRNA levels were decreased in JNK1 -/-liver cancers ( Figure 4 , A and D), whereas expression levels of c-Myc-related genes L-Myc, N-Myc, Max, and Miz1 were unaltered as measured by qRT-PCR ( Figure 4D ). ChIP assay also revealed that binding of c-Myc to the p21 promoter was reduced in JNK1 -/-liver cancers ( Figure 4C ). In contrast, c-Myc levels were unchanged in JNK2 -/-liver cancers, as determined by Western blots (Supplemental Figure 3D) . These results, consistent with previous reports (29) (30) (31) , suggest that increased p21 levels in JNK1 -/-hepatocytes are most likely caused by reduced c-Myc expression.
Next, we analyzed c-Myc protein levels in liver cancers from mice with hepatic deletion of c-Jun (Alfp-cre, c-jun f/f , designated as c-jun Δli ). Western blot analyses revealed that c-Myc was not changed in c-jun Δli liver cancers ( Figure 4E ). Moreover, c-Myc protein levels were also unaltered in liver cancers in mice harboring c-jun alleles with serines 63 and 73 mutated to alanines (c-jun AA ; Figure 4F ). These results indicate that c-Myc expression is regulated in a c-Jun and p-c-Jun-independent manner in liver cancers.
JNK1 facilitates hepatocyte proliferation through regulating expression of p21 and c-Myc in liver regeneration. We next characterized the proliferation of JNK1 -/-and JNK2 -/-hepatocytes during liver regeneration. In adult mice, quiescent hepatocytes synchronously enter the cell cycle and reach the peak of proliferation at 48 hours after twothirds partial hepatectomy. This event is highly regulated, providing an excellent model system for studying liver cell proliferation. Hepatocyte proliferation was previously found to be increased in JNK2 -/-livers at 30 hours after one-third hepatectomy (32) . Following two-thirds hepatectomy, JNK2 -/-mice displayed hepatocyte proliferation rates similar to those of controls at 48 hours (data not shown). In contrast, the number of Ki67-positive proliferating hepatocytes in JNK1 -/-mice was reduced by 80% compared with that in controls at 48 hours after two-thirds partial hepatectomy ( Figure 5A ). These data demonstrate that JNK1 is a positive regulator of hepatocyte proliferation during liver regeneration.
The production of growth factors of HGF, EGF, IGF-1, TGF-α, and TGF-β and proinflammatory cytokines of TNF-α, IL-1α, IL-1β, IL-6, and IL-12 appeared to be unchanged during liver regeneration, as measured by qRT-PCR and ELISA assays (Supplemental Figure 3, E and F) . Notably, the number of p21-positive cells was increased in JNK1 -/-regenerating livers, as determined by immunohistochemical staining ( Figure 5B ). Furthermore, Ki67 staining revealed that hepatocyte proliferation was reverted in JNK1 -/-p21 -/-mice compared with that in controls 48 hours after two-thirds partial hepatectomy ( Figure 5C ). These results suggest that decreased proliferation rate of JNK1 -/-hepatocytes is also due to increased p21 levels during liver regeneration. Interestingly, c-Myc expression was reduced in JNK1 -/-regenerating livers as well ( Figure 5D ), correlating with increased p21 levels. To analyze whether increased c-Myc levels could restore impaired proliferation of JNK1 -/-liver cells, we overexpressed c-Myc in mouse livers using hydrodynamics-based transfection and subjected the mice to partial hepatectomy. Two days after tail vein injection of the c-Myc-IRES-GFP (IRES, internal ribosome entry site) bicistronic plasmid, the transfection rate of hepatocytes reached 60%-70% as determined by GFP expression ( Figure 5E ). Strikingly, 48 hours after partial hepatectomy, the number of proliferating cells in JNK1 -/-mice with c-Myc-IRES-GFP transfection was increased 2.9-fold compared with that in GFP-transfected JNK1 -/-mice ( Figure 5F ). The number of proliferating hepatocytes in JNK1 -/-mice with c-Myc-IRES-GFP transfection was also increased to 60% of that in control JNK1 +/-mice with c-Myc-IRES-GFP transfection (data not shown). These data strongly indicate that JNK1 facilitates mouse liver cell proliferation through regulation of p21 and c-Myc.
JNK1 affects p21 and c-Myc expression in human HCC cells. Next, we determined whether JNK1 controls the expression of p21 and c-Myc in human HCC cells. shRNA-mediated knockdown of JNK1 or JNK1/2 but not JNK2 led to elevated p21 and decreased c-Myc expression in human Huh7 HCC cells ( Figure 6A ). This indicates that JNK1 modulates p21 and c-Myc expression in these cells. Importantly, siRNA-mediated c-Myc knockdown led to significant p21 upregulation in Huh7 human HCC cells ( Figure 6B ). In addition, impaired proliferation rate of JNK1-knockdown Huh7 cells was restored to 75% of control cells by p21 knockdown ( Figure 6C ). Finally, overexpression of c-Myc significantly increased proliferation of JNK1 knockdown Huh7 cells ( Figure 6D ). These data demonstrate that JNK1 also promotes cell proliferation through regulation of p21 and c-Myc expression in human HCC cells.
We then determined whether blocking JNK activity using D-JNKI1, a specific JNK1/2 dual inhibitor, has an inhibitory effect on human HCC cells. D-JNKI1 treatment significantly reduced proliferation and JNK activity of cultured Huh7 HCC cells, which were associated with increased p21 and reduced c-Myc levels ( Figure 6, E and F) . Importantly, D-JNKI1 treatment strikingly attenuated tumor growth of subcutaneously implanted Huh7 cells in nude mice ( Figure 6G) .
JNK inhibitor treatment reduces liver cancer development. The results obtained from D-JNKI1 treatment of HCC cells in vitro and in
xenografted tumors prompted us to analyze its therapeutic effect on liver tumors developed under physiological conditions. We treated wild-type mice bearing DEN-induced liver cancers with D-JNKI1 for 3 months. Tumor masses and sizes in D-JNKI1-treated mice were decreased by half compared with those in controls, whereas tumor numbers remained unchanged ( Figure 7A ). Notably, D-JNKI1 treatment reduced the number of p-JNK-positive cells in liver cancers, correlating with decreased proliferation as assayed by Ki67 staining ( Figure 7B ). These results unequivocally establish that JNK, most likely JNK1, activity is required at late stages of liver carcinogenesis in mice.
It was previously proposed that JNK1 promotes hepatocarcinogenesis by enhancing liver cell death at early stages (4-6), suggest- ing that JNK1 may play a dual, stage-dependent function in regulating hepatocarcinogenesis. We therefore analyzed the inhibitory effect of D-JNKI1 on DEN-induced cell death. TUNEL staining revealed that D-JNKI1 treatment significantly reduced cell death in wild-type mice 24 hours after DEN treatment ( Figure 7C ). This is similar to the phenotype of reduced hepatocyte death in JNK1 -/-mice (refs. 5 and 6 and data not shown), implying that D-JNKI1 treatment at the initiation stages might also be beneficial (4) (5) (6) .
Discussion
Our findings demonstrate that JNK1 is critically involved in human and mouse liver cancers, while JNK2 appears to be dispensable. Elevated activity of total p-JNK was observed in 50% of characterized HCCs in this study. Epidemiological studies show that human HCC develops with HBV or HCV infection and liver steatosis and fibrosis (1) . All of these diseases are associated with chronic liver damage and inflammation, which activate stressassociated kinases, such as JNKs. Interestingly, retrospective analysis of the disease histories of the patients recruited in this study showed that JNK activities in HCC tissues are not correlated with these pathological conditions (data not shown), suggesting that there may be other stimuli responsible for enhanced JNK activity. In addition, JNK1 activities are specifically increased in these human HCC samples, implying that these stimuli may selectively activate JNK1. Although JNK1 and JNK2 are commonly regulated by upstream kinases and phosphatases, selective activation of JNK1 has been shown to be regulated in a TAK1-dependent manner by the X chromosome-linked inhibitor of apoptosis protein (XIAP) (33) . Moreover, JNK1 is specifically activated in mouse osteoclast progenitors by RANKL (34) , which also activates TAK1 through the TAB2/TRAF6 pathway (35) . Therefore, we speculate that the RANKL/TAK1 pathway may deserve further investigation in human HCCs.
Our findings demonstrate that JNK1 is essential for proliferation of hepatocytes and liver cancer cells in vivo. While impaired hepatocyte proliferation is evident in JNK1 -/-mice, altered apop- Figure 7C , and data not shown). It is therefore likely that the JNK1 pathway has a dual, stage-dependent function. JNK1 activation at late stages leads to excessive cell proliferation by repression of p21 and enhancement of c-Myc expression (Figure 7D) . JNK1 probably exerts its oncogenic function on proliferation independent of c-Jun, since phosphorylation and protein levels of c-Jun were unchanged in JNK1 -/-liver tumors and c-Jun phosphorylation appears to be dispensable for liver carcinogenesis and regeneration (2, 5, 24) . On the other hand, JNK1 may enhance c-Jun-mediated cell death during liver tumor initiation (4, 5) . However, the function of c-Jun may be even more complex, since c-Jun can also mediate hepatocyte survival in TNF-α-dependent acute hepatitis (36) . Since activation of JNK is believed to be important in various chronic liver diseases, a careful characterization of the functions of JNK and its targets at specific disease stages along with a better understanding of JNK interaction with other stresssignaling pathways, such as p38 and NF-κB (3, 5) , will provide novel and important insights into the molecular links between inflammation and liver cancer ( Figure 7D) .
At the molecular level, our findings demonstrate that increased p21 expression is responsible for attenuated proliferation of JNK1 -/-cells ( Figure 7D ). Genetic inactivation of p21 in JNK1 -/-mice completely rescued impaired proliferation, indicating an important role for p21 in JNK1-dependent liver carcinogenesis. A recent study also showed that JNK inhibitor SP600125 treatment upregulated p21 levels and increased CD95-mediated G 2 /M cell-cycle arrest in cultured hepatoma cells (37) . The function of p21 in suppressing liver cell proliferation has been previously shown using transgenic mice overexpressing p21 (26) . Moreover, increased p21 levels were found to cause impaired hepatocyte proliferation in mice lacking c-Jun during liver regeneration (27) . Increased p21 protein levels negatively regulate cyclin D1 expression in liver cell proliferation following partial hepatectomy (26, 27) . Reduced cyclin D1 expression was also found in JNK1 -/-liver tumors (ref. 5 and data not shown) and was proposed to be responsible for decreased cancer cell proliferation (5). Interestingly, cyclin D1 levels were completely restored in JNK1 -/-p21 -/-liver cancers, as measured by Western blot (data not shown), suggesting that cyclin D1 may be one of the mediators in controlling proliferation of JNK1 -/-cancer cells ( Figure 7D ).
Both mRNA and protein levels of p21 are upregulated in JNK1 -/-liver cancer cells. Intriguingly, JNK was shown to stabilize p21 protein through phosphorylation or deubiquitination (38, 39) . We speculate that increased p21 might be regulated at the transcriptional level. It has been well documented that p21 transcription is repressed by c-Myc in normal and cancer cells (29) (30) (31) . Our results revealed that both c-Myc levels and binding of c-Myc protein to the p21 promoter are decreased in JNK1 -/-cells. Moreover, c-Myc knockdown increased p21 expression in human Huh7 HCC cells. Therefore, we propose that enhanced p21 expression is most likely caused by decreased c-Myc levels in both liver cancers and regenerating livers ( Figure 7D ). It is also worth noting that expression of p21 and c-Myc is unchanged in JNK2 -/-liver cancer cells, which suggests that the expression of p21 and c-Myc is specifically regulated by JNK1. We speculate that JNK1 may directly stabilize c-Myc protein levels by phosphorylation of serine 71, as shown in the previous study (40) . On the other hand, JNK1 may indirectly enhance the transcription of c-Myc mRNA through activating transcription factors of STAT3, NFATC1, or AP-1 genes, such as ATF2 (10, 41, 42) .
What is the molecular explanation for the distinct functions of JNK1 and JNK2? Protein sequence analysis of JNK from different species showed that JNK2 is phylogenetically distant from JNK1 and JNK3 (Supplemental Figure 4A) . Two subdomains of amino acid residues 218-230 and 363-380 differ significantly between JNK1 and JNK2 (Supplemental Figure 4B) . Modeling the structures of JNK1 and JNK2 using a JNK3 crystal structure revealed that these 2 subdomains contain hydrophilic amino acid residues and are surface exposed, implying that these domains may serve specific functions, such as docking sites for substrates (Supplemental Figure 4C ). Indeed, it has been shown that these 2 subdomains are responsible for distinctive features of JNK1 and JNK2, such as efficient binding of c-Jun and autophosphorylation (43, 44) . Therefore, it is possible that these subdomains might also be involved in the different binding affinities of JNK1 and JNK2 in regulating c-Myc expression.
Our results demonstrate the importance of JNK1 in human HCCs and the potential application of JNK targeting for HCC therapy. Recently, a new strategy using "cocktail" drugs targeting multiple kinases was proposed for cancer treatment (45, 46) . It is worth mentioning that abnormal activation of ERK is often observed in human HCC. It has also been shown that systemic administration of sorafenib, an inhibitor of the Raf/ERK pathway and tyrosine receptor kinases, significantly extended survival of HCC patients (47, 48) . In light of our findings, a combined inhibition of JNK and ERK activities may profoundly improve HCC therapies.
Methods
Human HCC samples. Human HCC samples were obtained from the biobank of the Institute of Pathology at the Medical University of Graz (Genome Austria Tissue Bank). All samples were histopathologically evaluated before further analysis. Seven HCC and paired liver samples were used for JNK kinase assay. These tissues were harvested on ice, embedded in OCT immediately, and stored at -80°C before use. An additional 53 formaldehyde-fixed and paraffin-embedded HCC samples were examined for p-JNK staining on a tissue microarray (37 males, 16 females; mean age, 59.5 years). The collection and use of human tissue samples was approved by the Ethical Committee of the Institute of Pathology, Medical University of Graz.
Animals. All mice used in this study were maintained on a mixed genetic background (C57BL/6; 129/Sv). JNK1-knockout mice (JNK1 -/-) were crossed with heterozygous mice with 1 wild-type allele of JNK1 (JNK1 +/-) to obtain JNK1 +/-and JNK1 -/-mice. JNK2 +/-and JNK2 -/-mice were bred to obtain JNK2 +/-and JNK2 -/-mice. JNK1 -/-mice were crossed with p21 -/-to obtain JNK1 +/-p21 +/-, JNK1 -/-p21 +/-, JNK1 +/-p21 -/-, and JNK1 -/-p21 -/-mice. All animal experiments in this study were approved by the Magistratsabteilung 58, Vienna, Austria. Liver tumors were identified on H&E-stained sections and quantified as described before (2, 3) . In brief, tumor size was quantified using ImageJ software (http://rsbweb.nih.gov/ij/index.html). Tumor mass was calculated as a percentage of total liver size for each section. Tumor number was calculated as the total number of tumors in relation to the total liver size of the section. Partial hepatectomy. Partial hepatectomy was described elsewhere (24, 27) . Mice 3 to 5 months old were used for experiments. Surgeries were performed between 8 and 12 am. Mice were anesthetized by avertin treatment. The abdominal cavity was opened below the rib cage, and the large left lateral and median lobes were removed. Animals were recovered on a 37°C heating block for 1-2 hours after surgery.
Hydrodynamics-based transfection of mouse hepatocytes. The human c-Myc gene was inserted in the pIRES2-AcGFP vector to generate the p-cMyc-IRES-GFP plasmid. Mice between 3 and 5 months old were used. 30 μg of plasmid in 2 ml Krebs buffer was injected into each mouse through the tail vein within 5 seconds. Two days after injection, transfection of hepatocytes was monitored by GFP expression using liver cryosections. Mice were subjected to partial hepatectomy 2 days after injection.
Immunohistochemistry. Immunohistochemistry stainings for Ki67 (Novocastra; Leica Microsystems) and vWF (Dako) were performed using Discovery XT system (Ventana Medical Systems Inc.). Immunostaining for p-JNK (Promega) and p21 (Santa Cruz Biotechnology Inc.) was performed using standard protocols with citrate buffer (pH 6.0) pretreatment. The in situ cell death detection kit (ApoAlert; Clontech) was used for TUNEL assay.
RNAi-mediated gene knockdown. Lentivirus vectors expressing shRNAs against human JNK1 (TRCN0000001055-57, TRCN0000010580-81), JNK2 (TRCN0000001012-16), and scramble shRNA (SHC002, CAACAAGAT-GAAGAGCACCAA) were obtained from Sigma-Aldrich. Scramble shRNA, which does not target any human or mouse genes, was used as control.
Huh7 cells were infected with lentivirus with polybrene for 2 days and then selected for puromycin resistance for 5 days. The first 3 passages of Huh7 cells with shRNA knockdown were used for experiments. TRCN0000001055 and TRCN0000001081 showed similar efficiency of JNK1 knockdown and proliferation inhibition in Huh7 cells. TRCN0000001012-TRCN0000001015 showed similar JNK2 knockdown efficiency, and none of the shRNAs inhibited Huh7 proliferation. Results of TRCN0000001081 shRNA (GACTCAGAACACAACAAACTT) against JNK1 and TRCN0000001015 shRNA (GGGATTGTTTGTGCTGCATT) against JNK2 shRNA are shown (Figure 1 , D and E, and Figure 6, C and D) .
For p21 and c-Myc knockdown, ON-TARGETplus SMARTpool siRNAs against human p21 or c-Myc were purchased from Dharmacon. siRNAs were transfected to the Huh7 cells using Lipofectamine reagent (Invitrogen). Two days after transfection, cells were replated and proliferation was measured in the following 3 days.
ChIP assay. ChIP was performed as described elsewhere (29) . In brief, DENinduced mouse liver tumors were homogenized and cross-linked in 1% formaldehyde. Lysates were then sonicated to yield DNA fragments around 500-1000 bp. DNAs were coimmunoprecipitated by c-Myc or p53 antibodies or rabbit IgG at 4°C overnight. p21 promoter (-216 to -108) was amplified by qRT-PCR using the primer pairs listed in Supplemental Table 1 .
Western blot and JNK kinase assays. Antibodies against ERK, p-ERK, p-AKT, AKT, p-PTEN, p-GSK3β, p-Raf, p-PDK1 (Cell Signaling Technology), cyclin D1, c-Jun, Cdc2, Cdk2, p21 (BD Transduction Laboratories), cyclin A, cyclin E, c-Myc (Santa Cruz Biotechnology Inc.), and p53 (Novocastra) were used for Western blot. Western blots were quantified using ImageQuant TL v2003.03 (GE Healthcare).
For total JNK kinase assay, a JNK kinase assay kit was used (9810; Cell Signaling Technology). In brief, protein extracts were incubated with GSTc-Jun-conjugated (GST, glutathione S-transferase) beads overnight at 4°C. ATP was added, and kinase reaction was carried out at 30°C for 30 minutes. p-GST-c-Jun protein was separated by SDS-PAGE gel and detected by a p-c-Jun antibody from the kit.
For the JNK1 kinase assay, we immunoprecipitated JNK1 by antibody specifically against JNK1 (sc-474; Santa Cruz Biotechnology Inc.) and followed this with radioactive kinase assay using GST-fused c-Jun (Cell Signaling Technology) as substrate. For the JNK2 kinase assay, several antibodies against JNK2 from various companies were tested for immunoprecipitatebased JNK2 kinase assay. However, all of the tested antibodies showed nonspecific binding to JNK1 to some extent. Therefore, a p-JNK2-specific ELISA kit was used to measure p-JNK2 levels (DYC2236-2; R&D Systems). The specificities of JNK1 kinase assay and p-JNK2 ELISA kit are shown in Supplemental Figure 1, A and B .
Statistics. Two-tailed Student's t test was applied for calculating statistical probability in this study. Statistical significance was set as P < 0.05.
